INTRODUCTION
Natural products and their bioactive constituents are increasingly recognized as sources for the discovery of new drugs and the treatment of diseases. The rhizome of Zingiber officinale (common ginger) is a particularly rich source of bioactive phytochemicals of different classes; it is thus a major target for discovering new phytomedicines (Bode, Dong, 2011) . One of the pharmacologically significant compounds that is abundantly present in this rhizome is 6-shogaol, whose structure is shown in Figure 1 . Its therapeutic properties have been extensively studied and it is well established that 6-shogaol possesses significant anticancer, antioxidant and anti-inflammatory potential (Chen et al., 2012; Chrubasik, Pittler, Roufogalis, 2005; Ha et al., 2012) .
The efficacy of biologically active compounds as pharmaceutical agents depends mainly upon their interactions with proteins in the circulatory system. Human serum albumin (HSA) is the most abundant serum protein in the body and serves as the major carrier protein for a wide variety of molecules, including drugs and metabolites (Peters, 1996) . Therefore, it plays a dominant role in drug disposition, affecting the biodistribution, metabolism and elimination of the molecules to which it binds (Peters, 1996) . Hence, characterization of ligandprotein interactions is vital in order to determine the pharmacokinetic profiles of these compounds and to assess their therapeutic potential.
Isothermal titration calorimetry (ITC) has emerged as a widely used biophysical tool to monitor binding reactions and to evaluate the thermodynamic parameters involved in such processes (Bou-Abdallah, Terpstra, 2012) . This technique directly measures the heat changes associated with a reaction and allows for a complete characterization of the energetics of a system (Leavitt, Freire, 2001) . Although other methods are also able to provide information about the binding affinity of ligandprotein interactions, only ITC is capable of measuring in a single experiment the thermodynamic terms that define the binding affinity (Leavitt, Freire, 2001) .
In view of the advantages offered by ITC for studying binding reactions involving biomolecules, we present the binding properties of 6-shogaol to HSA, including quantification of the thermodynamics governing this interaction, as obtained from ITC data.
MATERIALS AND METHODS

Materials
Defatted human serum albumin (HSA) (Lot #068K7538V) was acquired from Sigma-Aldrich Co. (St. Louis, MO, USA), and 6-shogaol was isolated from the rhizomes of Zingiber officinale var. officinale, following standard procedures (Jolad et al., 2004 (Jolad et al., , 2005 Kim et al., 2008) . The purity of the compound was >95% based on nuclear magnetic resonance (NMR) analysis. All other chemicals used were of analytical grade purity.
Analytical procedures
HSA stock solution (30 µM) was prepared in 10 mM sodium phosphate buffer, pH 7.4, and its concentration was determined spectrophotometrically using E 1% 1cm of 5.3 at 280 nm (Wallevik, 1973) . Absorbance measurements were made on a Shimadzu UV-2450 double beam spectrophotometer (Shimadzu Corp., Kyoto, Japan) using quartz cuvettes with a 1 cm path length. The stock solution of 6-shogaol (10 mg mL -1 ) was prepared by dissolution in absolute ethanol.
Isothermal titration calorimetry
ITC experiments were performed on a Nano ITC microcalorimeter (TA Instruments, New Castle, DE, USA) at 25 °C. The titrant (6-shogaol) and protein solutions were prepared in the same buffer (10 mM sodium phosphate buffer, pH 7.4) and degassed under vacuum for 20 min prior to the titration experiments. After loading the sample and reference cells with HSA (25 μM) and buffer alone, respectively, a syringe (250 μL) containing 6-shogaol (380 μM) was placed into the microcalorimeter. The titration experiment involved 25 consecutive injections of 10 μL of titrant added intermittently every 400 s, with a stirring speed of 250 rpm to ensure homogeneous mixing of the solutions. Appropriate blank experiments involving injections of the ligand into the buffer solution were also performed under similar conditions for correcting the heat of the dilution and the mixing of the solutions.
Both the HSA and the buffer solutions contained the same concentration of ethanol (2.5%) as in the 6-shogaol solution, in order to nullify the effect of heat generation due to solvent dilution.
The amount of heat, Q, liberated with each injection was calculated by integrating the heat-rate peaks using NanoAnalyze 2.4.1 software (TA Instruments, New Castle, DE, USA). The corrected calorimetric data were analyzed based on an independent binding model to determine the values of the association constant (K a ) and binding stoichiometry (n), as well as the enthalpy and entropy changes (ΔH and ΔS) of the reaction. The value of the freeenergy change (ΔG) was subsequently calculated with the help of the following equation:
The experiments were performed in four replicates, and the results are presented as the average ± standard deviation of the three best replicates.
RESULTS AND DISCUSSION
ITC experiments were carried out to determine the binding characteristics and the thermodynamics of the interaction between 6-shogaol and HSA. Figure 2A shows the ITC thermogram at 25 °C, depicting the calorimetric response upon the binding of 6-shogaol to HSA. As can be seen in the figure, the negative peaks resulting from the reaction suggested the exothermic nature of the binding process. Integration of the heat rates into the total heat released (Q) per mol of titrant was plotted against the ligand/protein molar ratio, shown in Figure 2B . Analysis of the binding isotherm using an independent binding model yielded the values of the binding and thermodynamic parameters (Table I) .
The K a value obtained for the 6-shogaol-HSA system (5.02 × 10 4 M −1 ) was found to be in the range of 1-15 × 10 4 M −1 , which is shown for a number of other ligand-protein complexes (Dufour, Dangles, 2005) , indicating intermediate affinity between 6-shogaol and HSA. This value of K a is desirable for the transportation of the ligand in circulation, as well as its release at the target site. On the other hand, the binding stoichiometry of the reaction, n, was found to be 1.31. The positive sign for the ΔS value and the negative sign for the ΔH value showed that the binding process was both entropically and enthalpically favorable at 25 °C and contributed significantly to the thermodynamic feasibility of the reaction, as evident from the negative sign for the ΔG value (Table I) .
Characteristics and thermodynamics of the interaction of 6-shogaol with human serum albumin as studied by isothermal titration calorimetry 445 The values of these thermodynamic parameters can shed light on the intermolecular forces involved in the interaction between 6-shogaol and HSA. The observed entropic gain may be ascribed to the disruption of water layers originally surrounding the ligand and protein molecules, due to the involvement of hydrophobic interactions in the complex formation (Ross, Subramanian, 1981) . Since the formation of hydrogen bonds and van der Waals forces frequently result in heat evolution (Ross, Subramanian, 1981) , a negative value for ΔH also points to the involvement of these forces in the 6-shogaol-HSA interaction. It is interesting to note that the binding reaction is enthalpy-dominated under the experimental conditions used, suggesting that hydrogen bonding in particular is the major force involved in the complexation between 6-shogaol and HSA. The participation of these intermolecular forces in the binding of 6-shogaol to HSA is well-supported by the structural features of 6-shogaol, which possesses both apolar and polar characteristics (Figure 1 ). As suggested in earlier reports (Caruso et al., 2014; Feroz et al., 2012 Feroz et al., , 2013 Molina-Bolivar et al., 2014; Neamtu, Tosa, Bogdan, 2013) , it is not possible to account for the observed thermodynamic parameters according to a single intermolecular-force model. Therefore, the energetics data obtained in this study seem to reflect the collective contributions of hydrophobic interactions, van der Waals forces and hydrogen bonds in 6-shogaol-HSA complexation.
CONCLUSION
In summary, the present study elucidates the binding properties and thermodynamic quantities of the interaction between 6-shogaol and HSA. The calorimetric data suggested that the binding is of intermediate affinity and is mediated by van der Waals forces, hydrogen bonds and hydrophobic interactions. These results can be helpful in understanding chemico-biological interactions in drug design. 
